Abstract-Sickle cell disease is a genetic mutation that causes sickling of the red blood cells, affecting between 90,000 and 100,000 Americans. Researchers must develop methods of data acquisition capable of maximizing both the amount of data being collected and types of data being collected to form the most accurate diagnosis and treatment for patients. Popular data acquisition forms are the use of mobile phones, sensory systems, and wearable technology. In this paper, we attempt to bridge the gap between the three, combining a wearable sensory system with the computation and communication power of mobile phones. We propose the application of sickle cell disease as a structure around which to design a textilebased data acquisition system.
I. INTRODUCTION
Sickle cell disease (SCD) is a haemoglobin disorder that causes sickling of the red blood cells, affecting between 90,000 and 100,000 Americans [1] . Worldwide, an estimated 300,000 people are born with haemoglobin disorders such as SCD per year with disease carriers spanning almost 5% of the population [2] . Bae et al. have investigated the implementation of sensors in textiles using the "exposome" concept of an environment's impact on patients, but have only focused on the application needs of asthma patients [3] . The acute pain episodes and chronic conditions associated with SCD create a need for patients to be frequently monitored, often in the form of hospital visits. Additionally, the lower oxygen levels and increased blood pressure present in SCD causes homeostasis complications, so events such as fever can result in hospitalization for patients. It is recommended that patients maintain regular physical activity, but when unmonitored, extraneous activity can lead to heatillnesses such as heat stroke and muscle breakdown in SCD patients [4] . Also, because activity is an essential measurement for SCD, an accelerometer is a necessary sensor for this application [5] . Mobile applications have been developed for monitoring SCD patients to track information such as position and activity levels [6] . However, a mobileonly solution is limited to capturing data in increments by the battery life of the mobile phone and cannot detect important data such as bodily or environmental temperature. We addressed this need by designing the Med-Vest: a prototype low cost and easy-to-assemble sensing module to continuously monitor movement and environment in conjunction with a mobile phone application.
Groups at the National Center for Scientific Research identified the change from wired to unwired systems as a detriment to operation complexity and user upkeep, and ultimately the user's overall confidence in the technology [7] .
Lombardi et al. have used mobile phones for transmitting data from SCD patients to healthcare professionals, focusing primarily on children, but do not possess the added sensory capabilities of a textile system [8] . When the wearer logs when he/she is feeling pain, a textile's sensors can detect and log the wearer's vital signs at that moment for later review. Seto et al. designed a system for monitoring asthma patients using sensory systems and a mobile phone, even using the Bluetooth protocol [9] . However, we found that our application allowed us to use many of the sensors already integrated into mobile phones, reducing the development cost and complexity of the custom circuits designed. For monitoring other illnesses like asthma, the Med-Vest system can be outfit with appropriate sensors such as heart rate monitors and air quality detectors.
The Med-Vest system takes advantage of the increasingly popular 3D printed PLA construction method as well as open source circuitry. We avoid the issue of complexity associated with custom FPGA systems by using well documented and commercially available Arduino platform microcontrollers alongside the user-friendly Bluetooth protocol. Designing with open source platforms such as these allows us to target sickle cell patients as well as adapt the sensors to the needs of comparable illnesses. In using heavily documented components and both wired and wireless circuitry, our system minimizes the maintenance and learning curve for operation needed of the wearer. II. DESIGN
Med-Vest: A Wearable Sensory Platform

A. Textile
As a cornerstone for our system, we chose textiles as a base for sensors alongside custom circuitry with a wearable enclosure and mobile connectivity in the Med-Vest as shown in Fig. 1 . An elastic sports shirt was chosen as the textile base for its ability to remain close to the wearer's skin throughout movement. These shirts can be purchased from any sports retailer at a low cost. The shirt's material has the added benefit of wicking sweat form the wearer's skin, increasing the level of comfort during prolonged use. The elasticity of the fabric ensures that the sensors contact at the desired locations across multiple wearers.
B. Sensors
Two temperature sensors were integrated into the textile base; one for monitoring bodily temperature via the armpit and one for monitoring external environment temperature, shown in Fig. 2 . The Texas Instruments LM35 temperature sensor was chosen for its tight tolerances and overall simplicity. The two LM35 sensors were packaged as standard through-hole components and were sewn into the textile base using threading. The two temperature sensors were connected to the main circuit board using 28AWG solid core hookup wire for testing purposes. The Lilypad accelerometer board, included for 3-axis movement detection, was integrated into the main circuit board instead of the textile base.
C. Circuit
To maintain the benefits of open source hardware, the Med-Vest circuit, shown in Fig. 3 , was designed around using the popular Arduino development platform and having the capability of easily adding various sensors. An Arduino Mini Pro was chosen as the central processing board for its small form factor and expansive I/O. For a power source, compatibility with the Sparkfun Lithium Ion battery adapter was added to the circuit. This allows the use of various sizes of Lithium Ion rechargeable batteries. As previously mentioned, the Lilypad accelerometer board was integrated into the circuit, so the necessary I/O connections were run directly to the sensor board instead of to external pin outs.
To maintain electrical isolation between the patient and the circuit, optocouplers were placed between the processor board and the mini USB connection. To make logged data easily accessible, a micro SD memory card surface mounted connector was added. Because the micro SD memory card operates on a different logic level voltage than the processor board, a hex converter chip was added between the micro SD connector and the processor board. For wireless connectivity to other mobile devices, a Sparkfun Bluetooth Mate Gold was chosen for its matched pin layout with the Arduino Mini Pro. For conversion of RS-232 to serial, the FTDI FT232RL chip was chosen for its added benefit of having integrated AVCC filtering between 5 volts and 3.3 volts for the various circuit components alongside the very easy to use FTDI Virtual Com Port drivers that aid in initiating USB connectivity between the circuit and a computer. For connectivity via USB between the circuit and a computer, a mini USB connector was added to the corresponding USB input pins of the FT232RL.
D. PCB
As the circuit will be worn on the patient, the size of the circuit board has a major effect on the comfort level of the wearer. Before modeling the single board version, the circuit was reproduced using prototype perforated solder pad boards to ensure that the circuit functioned. Using Proteus ARES PCB CAD software, a 2-layer board was modeled for production. Extra care was taken in ensuring that the boards and components could be soldered together by hand for ease of distribution. A 2-layer board, shown in Fig. 4 , was chosen vs. a 4 or more layer board because of the low cost in producing two layer boards. Extra care was taken in the placement of certain components on the board. The FT232RL (U1) chip was kept away from the PCB's via so as to reduce the effects of present EMF. The micro SD (IO1) and mini USB (IO2) connectors were placed facing either end of the PCB to streamline user access. The GPIO solder pads (J1, J2, and J3) were kept to one end of the board to make sure all sensor wires could be easily routed through the wiring outlet in the enclosure. The power line connection (J4) was extended to individual solder pads so a panel- Figure 2 . Med-Vest system layout using two LM35 sensors and one waist PCB enclosure housing one accelerometer. 
E. Enclosure
The enclosure was designed around user comfort and ease of construction. As 3D printing is becoming a more common construction method among the Do-It-Yourself (DIY) community, PLA plastic was chosen as the material. The enclosure, shown in Fig. 5 , was split into two components; a body and a top lid. Both components are small enough to be produced using any commercially available 3D printer. Using an elastic band sewn at either end to the lower back of the textile base, the enclosure is held close to a human being's center of gravity to reduce movement noise in the accelerometer. To reduce the amount of hardware necessary for construction, the enclosure was designed such that the PCB is held tight inside the enclosure against the elastic band, eliminating the need for excess mounting bolts. The underside of the body was given a lumbar contour for added wearer comfort. In order to withstand daily wear, the top lid was given a dome structure instead of a flat top to increase structural integrity. However, the dome structure was slotted at the corners to allow for the clearance necessary for socket-head bolts. Depending on the layer size capabilities of the 3D printer used, different thread sizes can be drilled and tapped at the slotted corners. It is recommended that ¼"-20 nylon socket-head bolts are used with most 3D printers to keep the PLA threads from stripping. Slots were placed on the bottom side only to keep rainfall and sweat from entering the enclosure from the top. The slots hold both the power switch and serve as an exit port for wires connecting sensors.
F. Wireless Networking
Bluetooth was implemented in our system because of its smaller range, high power efficiency, and added security. A low-cost and simple pre-assembled Bluetooth transceiver board was sourced that fit well within our PCB layout's max dimensions and matched the pin out of the Arduino Mini Pro, which we added to our PCB layout's design. We were content with conventional GSM and/or LTE communications as a means of transmitting data from the patient after it has been retrieved from the Med-Vest circuit, as nearly all current smartphones are capable of at least 3G connectivity.
G. Mobile Application
Using the Android Development Kit (ADK), we developed an android mobile application, see Fig. 6 , for testing the Bluetooth data stream between a mobile device and the Med-Vest circuitry. The application selects the MedVest transceiver from the list of connected devices and begins accepting the data stream via serial. As the sensor values are received over the connection, the application plots the data on a set of axes in real time for the user.
III. RESULTS AND DISCUSSION
Following construction of the prototype circuit, a simple program was written and programmed onto the processor board which recorded data from the temperature and accelerometer sensors and then logged the resulting data onto a connected micro SD card and broadcast over the established Bluetooth network. Data was successfully stored in a local CSV file, which could be opened and read in any spreadsheet software. The TO92 package of the LM35 temperature sensor was used for simplicity, but the SOIC-8 packaged version would ultimately be better for textile application due to its flat layout. In building around the philosophy of simple construction, a custom circuit was designed for our application that can be manufactured for roughly $112, as shown in Table I .
IV. CONCLUSION AND FUTURE WORK
We designed a textile based sensory system for SCD patients to capture continuous data and potentially detect harmful conditions. We used popular construction methods as well as open source hardware to minimize maintenance and learning curve required of the wearer. We designed a custom circuit and PCB to utilize this open source hardware which can be produced and populated for roughly $112. In the future, we plan to investigate the use of flexible PCBs in place of a 3D printed enclosure and rigid PCB. The Bluetooth capabilities of the system allow for the use of more complex computations performed on the connected mobile device and cloud computing through the mobile network. Future addition of more advanced peripherals may prove the Med-Vest to be a competitive open source hardware product [10] . Ultimately, the Med-Vest can be combined with the previously developed sickleREMOTE mobile application for testing on SCD patients [11] .
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